A search for the first region in the genomic RNA of a potyvirus to be encapsidated during the assembly of virus particles in vivo has been undertaken. Protoplasts were collected at various times after inoculation and fragments of viral RNA that were protected from nuclease degradation were isolated from extracts and identified by RT-PCR procedures. Nuclease-resistant fragments of viral RNA were not detected in protoplasts that had been infected for 30 min. However, such fragments were present in protoplasts collected 40 min after inoculation and these contained a region at or near the 5h terminus of the viral RNA. Protoplasts that had been infected for 45 min or longer contained full-length viral RNA in a nuclease-resistant form. These results suggest that assembly of virus particles begins with the interaction of coat protein subunits with the 5h terminal region of progeny viral RNA molecules.
Of all the viruses with elongated particles, tobacco mosaic virus is the only one for which there is detailed information concerning the mechanism of virion assembly (Lebeurier et al., 1977 ; Butler et al., 1977) . There remains an inadequate understanding of the assembly of the particles of other helical viruses including those of the genus Potyvirus (Shukla et al., 1994) , the members of which are filamentous particles of length 720-850 nm. Potyvirus particles contain a single molecule of RNA that is presumed to be located between successive turns of a helical arrangement of $ 2000 identical coat protein (CP) subunits. Many years ago, it was shown that purified CP subunits of a potyvirus could form long flexuous stacked-ring particles under certain solution conditions Goodman et al., 1976) . Mixing of viral RNA and the CP resulted in the formation of virus-like particles that were shorter than native virions and were not infectious (McDonald & Bancroft, 1977 ), but did not reveal an origin-of-assembly region in the viral RNA.
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Fax j1 606 323 1961. e-mail jshaw!pop.uky.edu This report describes an attempt to identify the region in the genomic RNA of the potyvirus tobacco vein mottling virus (TVMV) that is the first to be encapsidated by CP subunits during the assembly of progeny virus particles in inoculated cells. The procedure involved the extraction of samples of protoplasts, collected at various times after inoculation, in a medium in which the encapsidated parts of the viral RNA were protected but the unencapsidated parts were destroyed by nucleases. The protected fragments of viral RNA were then isolated and identified by RT-PCR analysis (Wu et al., 1994 ; Wu & Shaw, 1996 , 1997 . It was proposed that identification of a region in the viral RNA that became resistant to nuclease degradation while the other parts of the RNA remained susceptible would reveal the identity of the region in the viral RNA at which virion assembly is initiated.
In preliminary experiments, the protoplasts were inoculated with purified TVMV RNA but inconsistent results were obtained which were attributed to degradation of RNA molecules immediately after they were mixed with the protoplasts. It was subsequently observed that the use of virus particles for inoculation overcame this problem and did not result in interference with the isolation or identification of nuclease-resistant RNA fragments.
Samples of 8i10& protoplasts were inoculated with 4 µg TVMV particles (Pirone & Shaw, 1988 ) using the previously described conditions for electroporation (Wu et al., 1994) . At various times after inoculation, the protoplasts were collected by centrifugation and frozen in liquid nitrogen. In the course of these experiments, five different batches of protoplasts were prepared, inoculated and analysed.
Each sample of protoplasts was mixed with 300 µl extraction solution (20 mM EDTA, pH 7n5, and 1 % Triton X-100) and broken by vigorous agitation (Wu et al., 1994) . In some experiments, ribonuclease was included in the solution but, since this did not alter the results that were obtained, it was apparent that cellular nucleases in the extracts were sufficient for digestion of the uncoated viral RNA. After incubation of the extracts for 1 h at 37 mC, the protected fragments of viral RNA were isolated (Chomczynski & Mackey, 1995) and resuspended in 40 µl water. Four separate RT reactions, each with a different primer, were performed with 10 µl aliquots of each sample as described earlier (Wu et al., 1994) . The cDNA in 0n5-1 µl aliquots of each RT reaction 0001-5344 # 1998 SGM BFCF X. Wu and J. G. Shaw X. Wu and J. G. Shaw mixture was then subjected to PCR amplification as previously described (Wu et al., 1994) . The RT and PCR primers used in the experiments are described in Fig. 1 .
Control experiments were performed to test the efficacy of the experimental strategy. No PCR products were obtained from extracts of mock-inoculated protoplasts to which purified TVMV RNA had been added prior to incubation and analysis but, when purified TVMV particles were added to such extracts, each RT reaction gave rise to a product that was amplified by PCR (data not shown). Thus, the procedures permitted discrimination between encapsidated and uncoated regions of the viral RNA.
In the first set of experiments (Fig. 2) , analyses of nucleaseresistant viral RNA in each sample of protoplasts were performed with four different RT primers (O, N, C and H) and a single pair of PCR primers (IV). Each RT reaction containing material from protoplasts infected for 25 or fewer min produced cDNA that was amplified by PCR primer pair IV. Protoplasts collected 30 or 35 min after inoculation yielded no RT-PCR products. With 40 min samples, a PCR product was obtained when the RT reaction mixtures contained primer H and all four RT reactions produced PCR products when 45-120 min samples were analysed.
These results indicated that, during the first 25 min after electroporation, most of the virus particles that were retained by the protoplasts were still intact. However, during the next few minutes, most of these particles were disassembled and the uncoated viral RNA became nuclease-sensitive upon extraction of the protoplasts. In samples of protoplasts that had been infected for 35-40 min, a fragment of viral RNA that included part of the HC-Pro coding region was present in a protected form. By 40-45 min after inoculation, full (or nearly full)-length RNA molecules were protected from nuclease degradation and, it is proposed, were in the form of progeny virus particles.
In another set of experiments, analyses were performed with a different PCR primer pair for amplification of the product of each of the RT reactions containing primers O, N, C or H. The regions in the viral RNA that are represented by the PCR primer pairs (I, II, III and IV ; Fig. 1 ) are adjacent to or within 700 nucleotide residues of the corresponding RT primers. Extracts of protoplasts that had been collected 30-45 min after inoculation with TVMV particles were analysed in this manner. No RT-PCR products were detected in any of the analyses of the 30 or 35 min samples (data not shown). However, as in the experiment shown in Fig. 2 , a product was obtained with RT primer H and PCR primer pair IV when a 40 min sample was analysed (Fig. 3 a) . With 45 min samples, RT reactions with each of the four RT primers gave rise to products that could be amplified by the appropriate pair of PCR primers. No PCR products were obtained with primers representing regions in the genome that were downstream from the sequence to which the RT primer was complementary.
The pattern of appearance of RT-PCR products shown in Figs 2 and 3 (a) was consistent with four of the five sets of inoculated protoplasts though, in one case, the timing of events was slightly different, i.e. the product shown in the 40 min sample in Fig. 2 was detected in the 35 min sample and Potyvirus particle assembly Potyvirus particle assembly all four PCR products were obtained with the 40 min sample (data not shown). With one set of protoplasts, there was no sample in which only one product was detected as in the 40 min samples shown in Figs 2 and 3 (a) (data not shown). This may have been attributable to a small variation in the timing of changes in the state of the viral RNA, i.e. there may have been sufficient time between two consecutive sample collections for most of the RNA to assume the protected form. Another possibility is that the amount of a protected RNA fragment in this case may have been too low to be detected by RT-PCR analysis.
From the results shown in Figs 2 and 3 (a) , parts of the 5h terminus-containing half of the progeny viral RNA seemed to become nuclease-resistant before the other half assumed this state. Therefore, a set of experiments was done with RT primers representing four regions in the part of the genome from nucleotide residues 502 to 2285 (primers L, J, G and H ; Fig. 1 ). Products of these RT reactions were subjected to PCR analysis with primers that would amplify a sequence complementary to residues 7-519 in the viral RNA (primer pair V ; Fig. 1 ).
As shown in Fig. 3 (b) , in which only the results obtained with samples of protoplasts collected 30-45 min after inoculation are presented, no PCR products were obtained with 30 or 35 min samples. However, all the RT reactions performed with 40 and 45 min samples yielded cDNA products that could be amplified by PCR primer pair V. These data extended the identification of the region in the RNA that was first detected in the protected state to include the 5h terminus or a sequence within 7-24 nucleotides of the terminus. The position of RT primer H indicated that the minimal length of the protected fragments was $ 2285 nucleotide residues ; it is possible that they could have been up to $ 5080 residues in length (i.e. terminating just upstream from RT primer C). Since amplification of a product primed by RT primer C in the absence of a product with RT primer H was never observed, it may be concluded that the protected fragments did not contain sequences downstream from residue 5086.
The most obvious explanation of the results reported here is that a sequence at or very near the 5h terminus of TVMV RNA serves to initiate the virion assembly process. However, other possible interpretations of the data must also be considered. It is likely that, once initiated, the assembly reaction is so rapid that none of the samples of protoplasts will contain fragments of protected viral RNA that consist of just the origin-of-assembly region. Thus, it is possible that assembly BFCH X. Wu and J. G. Shaw X. Wu and J. G. Shaw begins at a region located downstream from the 5h terminus and that encapsidation of the RNA between this region and the 5h terminus begins immediately thereafter. This possibility would require that the process occur so rapidly that none of the samples would contain fragments of protected RNA of intermediate size. This requirement would be particularly acute if such an origin-of-assembly region was present in the part of the viral RNA near or downstream from the sequence complementary to RT primer H ; it might be less so if the origin was located in the region represented by RT primers L, J, G and H. However, the fact that in none of the experiments was there evidence of the existence of fragments lacking the 5h proximal sequences argues against an internal location of the origin and offers support in favour of initiation at or near the 5h terminus. If this should prove to be the site, then perhaps the VPg covalently linked to the 5h terminus (Murphy et al., 1990 (Murphy et al., , 1991 may play a role in the initiation of assembly.
An additional concern is the question of whether the structures containing viral RNA that are detected 40-45 min after inoculation are actually virus particles. These structures are present in extremely small amounts in the protoplast extracts and attempts to isolate and further characterize them have not been successful. It is possible that they could be dsRNA molecules though the low ionic strength of the extraction solution should favour nucleolytic degradation of ds-as well as ssRNAs. It is also possible that the structures consist of complexes of viral RNA with proteins (cellular or viral) other than CP subunits. However, their nuclease insensitivity and the detection of full-length viral RNA in the protected state in all samples collected 45 or more min after inoculation suggest that it is progeny virus particles that are being detected.
In considering the efficacy of the approach used in this investigation, it is significant that the experiments have involved virus-infected cells rather than studies of in vitro interactions between purified viral nucleic acid and CP molecules. Thus, while investigations of the latter type have been done in a much more detailed and controlled manner, those reported here have the advantage of dealing with the process in an in vivo setting.
